Six ileal-cannulated pigs that averaged 100 kg BW and 16 adult cecectomized cockerels that averaged 2.35 kg BW were used to determine apparent and true digestibilities of amino acids ( A N in a complete crystalline AA mixture and in casein. A protein-free (PF) diet was included as a treatment to estimate endogenous AA losses. Fmted cockerels were compared to cockerels fed PF diets for calculation of true digestibility of AA in cockerels. For the AA diet, true digestibility of indispensable AA in the pig ranged from a low of 97.2% for leucine to a high of 100.5% for arginine CArg). True digestibility of indispensable AA in casein ranged from a low of 93.5% for isoleucine (Ile) to a high of 99.9% for Arg. Correcting for endogenous losses increased digestibilities of lysine (Lys) and threonine (Thr) in pigs fed the AA diet by 2.4 and 7.1Y0, respectively, and increased Lys and Thr digestibility in pigs fed the casein diet by 1.8 and 6.1%, respectively. Feeding a PF diet to chickens to correct for endogenous losses resulted in higher true digestibility values for all AA with the exception of tryptophan, methionine, and Arg than those obtained using fasted animals. True digestibilities of Thr were 88.3 and 86.8% for AA and casein diets, respectively, using fasted controls but were 97.5 and 94.5% when the PF control was used. Proline digestibility was increased (P < .05) substantially in both pigs and cockerels when the PF control was used to correct for endogenous AA losses. Regardless of species, Ile in casein had a lower true digestibility value than any other indispensable AA. The results of this study indicated that true digestibilities of AA in a mixture of crystalline AA and in casein are essentially 100% in both pigs and cockerels. 
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Introduction
Pig ileal digestibility (Sauer et al., 1977; Rudolph et al., 1983; Conway et al., 1990) and cecectomized cockerel digestibility (Sibbald, 1980; Kessler et al., 1981; Parsons, 1985) assays are accepted procedures that can be used to determine digestibility of amino acids (AAI in feed ingredients. These assays are designed to reduce hind-gut microbial degradation of AA (Holmes et al., 1974; Parsons et al., 1981) . Supporting evidence has indicated that indispensable AA that disappear before the end of the terminal ileum are highly correlated with those available for body protein synthesis (Moughan and Smith, 1985) . Parsons (1985) reported 3782 CHUNG AND BAKER that AA digestibility values derived from cecectomized cockerels are in good agreement with AA bioavailability values obtained with chick growth assays. The AA digestibility values obtained from pigs, cockerels, and rats are remarkably similar, as reported by Likuski (1982) .
Highly digestible protein sources such as enzymatically hydrolyzed and intact lactic casein have been shown to be completely digested by growing pigs and chicks (Parsons et al., 1982;  Moughan and Smith, 1985;  Kies et al., 1986) . Wang and Fuller (19891 indicated that AA are essentially 100% absorbed in pigs fed a semipurified diet based on casein and crystalline AA. The digestibility of crystalline lysine and methionine is assumed to be 100% in both pigs and chicks (Batterham, 1984;  Izquierdo et al., 1988; Batterham and Bayley, 1989; Han et al., lQ90) . However, digestibility of a mixture of AA in a chemically defined AA diet has never been assessed in either pigs or chicks.
The objectives of our study were 1) to determine the digestibility of a complete mixture of crystalline AA and casein in ileal-cannulated pigs and in adult cecectomized cockerels, 21 to compare AA digestibility values obtained from pig ileal digestibility and cecectomized cockerel digestibility assays, 3) to estimate daily AA flows at the terminal ileum in pigs equally fed protein-free (PF), AA, and casein diets, and 4) to quantify amounts of AA excreted by fasted cockerels and cockerels equally fed PF, AA, and casein diets.
Materials and Methods
Experimental Diets. The cornstarch-sucrose basal diet was formulated to meet or exceed NRC (1988) energy, mineral, and vitamin requirements for finishing pigs (Table 1 ). The PF diet was devoid of nitrogen or protein. The AA and casein diets were formulated by adding a mixture of AA or casein, respectively, to the PF diet. The AA mixture was a modification of the mixture developed for IO-kg pigs (Chung and Baker, 1991) . Sucrose was added to improve palatability of experimental diets. Sodium bicarbonate was added to both AA and casein diets to buffer the acidity of HC1 forms of lysine and histidine and the acidic nature of casein. Chromic oxide was added at .25% of the diet to serve as a dietary marker for quantifying amounts of nitrogen and AA recovered at the terminal pig ileum. Experimental diets (Table 11 were used in both pig ileal and cecectomized cockerel digestibility assays.
Pig Ileal Digestibility Assay. A replicated 3 x 3
Latin square design involving six ileal-cannulated crossbred barrows with a n average weight of 100 kg was used in this assay. Details of ileal cannulation and postsurgical animal care have been described previously (Easter and Tanksley, 1973) . Pigs were housed in stainless steel metabolism cages in a constantly lighted, environmentally controlled metabolism room (21" Cl. They were equally fed experimental diets twice daily (1 kg per feeding) at 12-h intervals (0600 and 1800) throughout the experimental period. Diets and water were offered in a 1:l ratio during feedings. In addition, water was available ad libitum from nipple waterers. Pigs fed PF diets served as negative controls for estimating endogenous AA losses. There were three experimental periods. Each experimental period lasted 7 d, and ileal digesta were collected during the 12-h period between the morning and evening feedings for 2 d after a 5-d dietary adaptation period. Digesta collections were made using 5-cm x 15-cm plastic bags fastened to the cannula by cable ties. Bags were replaced a t 1 0-min intervals. Samples were frozen immediately a t -20°C after removal of bags from cannulas. Because of severe leakage of digesta around the cannula, one animal fed the AA diet was removed in Period 3. This resulted in five instead of six observations for the AA treatment group.
Cecectomized Cockerel Digestibility Assay. Sixteen adult, cecectomized Single Comb White Leghorn cockerels that averaged 2,350 g were used in a completely randomized design. Details of cecectomy have been described previously by Parsons et al. (1983) . After a 24-h fast, four cockerels per diet were force-fed (via crop intubation in a single dose) 30 g of the experimental diets (Table 11 . Four fasted cockerels that served as negative controls were used to estimate endogenous AA losses. Birds were kept in individual cages with raised wire floors in a laboratory room with an illumination period of 16 h. Water was available ad libitum during the excreta collection period. Excreta were collected into plastic trays that had been placed under each cage. A 48-h collection period was carried out and complete intestinal clearance of undigested AA was assumed (Parsons et al., 1982) . The excreta samples were transferred from plastic trays into 10.5-cm x 10.5-cm x 6.0-cm plastic containers and frozen immediately at -20°C. One cockerel was removed because of excreta contamination, resulting in three observations for the AA treatment group.
Sample Preparation and Chemical Analyses.
Ileal digesta were freeze-dried. Freeze-dried samples from the 2-d collection were pooled and mixed before grinding through a Wiley mill equipped with a 1-mm screen. Samples were mixed again after grinding. Cockerel excreta were freeze-dried, weighed, and ground through a 60-mesh screen. All ground samples were stored at 4" C. Representative feed and ileal digesta samples were analyzed for DM and Cr (AOAC, 19901. Both ileal digesta and cockerel excreta samples were analyzed for N (AOAC, 1990) .
Representative samples of feed, ileal digesta, and cockerel excreta were subjected to 6 N HC1 acid hydrolysis for 24 h. Acid hydrolysates were subsequently analyzed for AA contents by ionexchange chromatography (Beckman Model 1 19 CL, Beckman Instruments, Palo Alto, CAI. The content of sulfur AA was quantified in acid hydrolysates of performic acid preoxidized samples (Moore, 1963; Chung et ai., 1089) . Tryptophan analysis was accomplished after 16-h alkaline (4 N LiOH) hydrolysis according to the procedure of Werner (1 986).
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StatistkaI Analyses. Experimental data collected from the pig assay were subjected to ANOVA appropriate for Latin square designs (Steel and Torrie, 1980) . The main effects of pig, diet, and period were included in the statistical model. An ANOVA for completely randomized designs (Steel and Torrie, 1980 ) was used to analyze data of the cockerel assay. Differences among treatments and comparisons of digestibility values obtained from pigs and cockerels were established using the lsd pairwise multiple-comparison procedure (Carmer and Walker, 1985) .
Results
Pig Ileal Digestibility Assay. Average apparent digestibility of indispensable AA in pigs fed the AA diet was 93.9%; it was 94.5% in pigs fed the casein diet. Apparent digestibilities of indispensable AA ranged from 89.8% for tryptophan (Trp) to 97.3% for methionine (Met1 in the A4 mixture; for casein, values ranged from 88.7% for threonine (Thr) to 97.4% for lysine (Lys; Table 2 ). When dietary nitrogen sources were compared, differences (P < ,051 in apparent digestibility were observed for Thr, histidine (His), leucine (Leu), isoleucine (Ile), phenylalanine (Phel, arginine (Arg), cystine (Cys), tyrosine (Tyr), and glycine (Gly).
Correcting for endogenous AA losses increased (P < .05) digestibility of indispensable AA from both nitrogen sources; Trp, Thr, and Arg showed the greatest increases among the indispensable AA. True digestibility of indispensabIe AA averaged 99.0% for the AA diet and 97.9% for the casein diet. True digestibilities of Thr and branched-chain AA were higher (P < .05) for the AA diet than for the casein diet. Digestibilities of Lys and Thr in pigs fed the AA diet were increased by 2.4 and 7.1%, and for casein by 1.8 and 6.l%, respectively, upon correcting for endogenous losses of Lys and Thr. With casein, two indispensable AA showed true digestibilities of < 95% Le., Thr and Ile), whereas all indispensable AA had true digestibilities of > 97% in the AA diet. Proline (Pro1 digestibility in the AA diet, and glycine as well as Cys in the casein diet, showed the greatest increase as a result of correcting for endogenous AA losses.
In order of decreasing abundance, greatest quantities of AA found in ileal digesta were Pro, Gly, aspartate (Asp), glutamate (Glu1, Thr, serine (Sed, and Arg for the PF diet; Glu, Pro, Asp, Gly, Leu, and Thr for the AA diet; and Glu, Pro, Ser, Asp, Gly, and Thr for the casein diet ( true digestibility values were obtained using fasted cockerels than when cockerels fed PF diets were used to correct for endogenous AA losses. Digestibilities of indispensable AA in the AA diet increased CP < .051 by an average of 15% and those in the casein diet by a n average of 10% as a result of correcting for endogenous AA losses.
Conversion of apparent digestibility to true digestibility in cockerels fed AA diets resulted in average values of 91.1 and 95.5% for the indispensable AA when fasted and PF-diet-fed cockerels were used to adjust for endogenous AA losses, respectively. Fasted-control correction increased Use of fasted controls resulted in a n average true digestibility value of 9 1.5% for the indispensable AA in casein, whereas a n average value of 94.3% was obtained when PF-diet controls were used. An increase of 4.3, 6.2, 14 were estimated from pigs fed a proteinfree diet. based on the PF control, both Cys and Gly were more (P e .05) efficiently digested when free AA were fed than when casein was fed. Large quantities of Gly, Glu, Asp, Ser, Leu, and Thr were voided in cockerel excreta across all treatment groups (Table 51 . Methionine and Trp were voided in the lowest quantity. Fasted cocker. els excreted lower (P e .05) levels of all AA than did cockerels fed the casein diet, and fasted cockerels voided smaller (P .OS1 quantities of all AA, except Arg, than cockerels fed the AA diet.
Cockerels fed the PF diet excreted more (P < ,051 Thr, Cys, and Gly than did fasted cockerels.
Among the indispensable AA, Ile and Val were excreted in greater quantity by cockerels fed casein than by those fed free AA.
Comparisons of Amino Acid Digestibility Values
Between Pig and Cockerel Assays. Apparent digestibilities of AA determined in the pig assay were higher (P < .05) than those determined in the cockerel assay. For both diets, true digestibilities of most indispensable AA in the pig were higher (P e .05) than those in the chicken, regardless of whether fasting or PF diet feeding was used to correct for endogenous losses in the chicken. Of the indispensable AA, Ile in casein had the lowest true digestibility in both pigs and cockerels.
Proline digestibility was increased (P < .05) markedly in the AA diet for both species when endogenous losses were considered.
Discussion
The crystalline AA diet used in OUT study was a modification of that developed for 10-to 20-kg pigs (Chung and Baker, 19911. Likewise, the casein diet developed for 10-to 20-kg pigs (Chung and Baker, unpublished datal was modified to accommodate older pigs in the present study. These diets, as well as the PF diet, were consumed readily by the pigs during the experimental periods.
Feeding a PF diet is an approach commonly used to estimate endogenous AA losses in pigs, whereas AA voided by fasted birds or birds fed PF diets are referred to as endogenous AA losses in chicks. Fasting and feeding PF diets have received criticism, in that endogenous AA excretion is influenced by dietary protein and fiber and by antinutritional factors (Sauer et al., 1977 (Sauer et al., , 1991 Taverner et al., 1981; Parsons et al., 1982; Parsons, 1984; Sauer and Ozimek, 1986; Zebrowska and Low, 1987) . De Lange et al. (1989b) reported that excretion of endogenous nitrogen and Pro was reduced when pigs fed a PF diet were given a mixture of AA parenterally. Feeding rather than injecting AA may provide a better estimate of endogenous AA losses. For this to be valid, however, it is essential to prove that orally administered AA are completely absorbed.
Correcting for endogenous Thr losses had a substantial effect on Thr digestibility, indicating the presence of high levels of Thr in pig ileal digests. An average true digestibility of 99.0% in the AA diet indicated that all indispensable AA were almost completely absorbed by the pig. This parallels the findings of Batterham (19841 and Batterham and Bayley (1 9891 , who reported complete digestibility of crystalline Lys. High digestibilities of AA in casein observed in the pigs studied herein agrees with the pig studies of Kies et al. (1986) and Furuya and Kaji (19891, although younger pigs were used in these studies than in our study, In the cockerel, differences (P .OS) in AA digestibility between the two methods of correction were observed for Trp, Cys, and Tyr in the AA diet and for all AA except Trp, Met, and Arg in the casein diet (Table 41 , suggesting that PFcontrol correction may be a better approach to correct for endogenous AA losses when assessing amino acid digestibility of highly digestible feed ingredients. Regardless of which method was used for endogenous correction, the increase in digestibility was considerably greater for Thr than for Lys, a n indication that Thr was lost in greater quantities endogenously than Lys. This was also observed in the pig. The Lys true digestibility value of 97.5% in cecectomized cockerels fed the AA diet is similar to the 96.4% true digestibility value estimated by Izquierdo et al. (1988) for a Lyssucrose mixture. Also, our true digestibility estimate for Met (97.5%) is only slightly lower than the 99.7% estimate of Han et al. (19901, who crop intubated a Met-supplemented corn-soybean meal diet.
Our average 94.3% true digestibility of i n dispensable AA in casein determined by the cockerel assay is lower than the average of 98.0% reported by Parsons et al. (1982) . Disagreement in the digestibility values for casein may be due to the different type of cockerels used, diet type, casein level, and to different procedures employed. Parsons et al. (1982) crop intubated 30 g of a caseincarbohydrate mixture (9 g of casein) into conventional cockerels, whereas we intubated 30 g of a casein-containing diet (5 g of casein) into cecectomized cockerels.
The order of abundance of AA in pig ileal digesta and cockerel excreta varied with the type of experimental diet. In general, AA present in large quantities were Pro, Gly, Asp, Glu, Ser, Thr, Leu, Ile, and Val, whereas those present in small quantities were Met, Trp, and His. According to Souffrant (19911, the sources of endogenous nitrogen and AA secreted into the gastrointestinal tract include salivary, gastric, pancreatic, bile, and small intestinal secretions and sloughed mucosal cells. Of these, small intestinal and pancreatic secretions contribute greatest to total endogenous secretions. The principal components of these endogenous secretions are mucoproteins and digestive enzymes, which are rich in Pro, Gly, Glu, Asp, Ser, Ala, Thr, and Val (Hashimoto et al., 1963;  Snary and Allen, 1971; Corring and Jung, 1972; Starkey et al., 1974; Souffrant, 19911 , the same AA found in abundance in ileal digesta and cockerel excreta of our study. Proline was the most abundant AA in ileal digesta collected from pigs fed the PF diet, whereas Glu was greatest in pigs fed either AA or casein diets. This is in agreement with the work of Sauer et al. (1977) and de Lange et al. (1989b) wherein PF diets were shown to increase excretion of endogenous Pro, whereas proteincontaining diets or PF diets combined with parenteral AA administration were found to decrease Pro excretion. That Glu was the predominant AA &Means of three cockerels for the AA diet and four cockerels for the casein diet.
'(IAA intake -(AA excreted -AA endogenouslVAA intake) x 100%; endogenous AA excretions dEndogenous A A excretions ware estimated from four cockerels fed a protein-free diet. e,fMeans within a paired comparison in a row having different superscripts differ (P < ,051.
were estimated from four fasted cockerels. aMeans of three cockerels for the AA diet and four cockerels for the fasted control and for the bic,dMeans within a row having different superscripts differ (P < ,051.
proteinfree and casein diets. excreted in pigs fed AA and casein diets was similar to that observed in cockerels fed the same diets. However, Gly was the most abundant AA in excreta of fasted cockerels and in cockerels fed the PF diet.
Total excretion of nitrogen was greater in pigs fed AA or casein diets than in pigs fed the PF diet (Table 31 . Total AA nitrogen made up 71.9, 68.6, and 74.6% of the total nitrogen collected a t the ileum of pigs fed PF, AA, and casein diets, respectively ( Table 3) . This suggests that up to 30% of nitrogen in ileal digesta may consist of nucleic acids bacterial origin), urea, and ammonia, an amount similar to that reported by Dierick et al. (1983) and Poppe et al. (1983) . Pigs fed casein diets excreted higher levels of several AA than did pigs fed AA or PF diets. Likewise, differences in excretion of several AA were observed between pigs fed PF and A4 diets. Horszczaruk et al. (1974) showed that pigs fed a 16% CP conventional diet increased small intestinal nitrogen excretions over those fed PF diets. The amount of nitrogen in pancreatic secretions was lower in pigs fed a semipurified diet than in pigs fed a practical diet (Partridge et al., 19821 . Makkink and Heinz (1991) reported that soybean-meal diets caused a greater rate of endogenous nitrogen excretion than diets based on skim milk.
Total AA nitrogen constituted 8.2, 12.0, 12.4, and 15.3% of the total nitrogen in excreta of fasted cockerels and cockerels fed PF, AA, and casein diets, respectively. Because excreta contained both urine and feces, it is conceivable that up to 88% of the total nitrogen in excreta is contributed by uric acid, nucleic acids, urea, and ammonia (O'Dell et al., 1960; Parsons et al., 19821 . Excreta obtained from fasted cockerels and those fed PF diets contained roughly the same quantities of AA, except Thr, Cys, and Gly were higher in birds given the PF diet. Differences in excreted quantities of these AA may have resulted from increased mucus production in cockerels fed the PF diet compared with those that were fasted. A PF diet has been associated with greater fecal outputs of several AA than is the case with fasting cockerels (Muztar and Slinger, 19801 . Also, Parsons et al. (19831 indicated that AA excretion was greater in birds fed a PF diet than in birds that were fasted. In contrast, Chae and Han (1984) found that AA outputs of fasted birds were greater than those of birds fed a PF diet, whereas Yamazaki (19831 concluded that AA excretion of fasted cockerels was similar to that of cockerels fed PF diets. In our study, excretion of most AA in cockerels fed casein was higher than that in cockerels fed free AA, although the latter excreted more Val, Ile, Asp, and Glu than birds fed the PF diet. In rats, the contents of AA found in digesta upon feeding PF or AA diets were similar, but AA excretion was somewhat lower when AA were fed than when casein was fed (Darragh et al., 1988) . This suggests that different species may differ in their responses to these purified diets.
True AA digestibility values for conventional feed ingredients are generally higher in the cockerel than apparent AA digestibility values determined in ileal-cannulated pigs (Parsons, 1985) . This probably results from the fact that natural feed ingredients (lower digestibility) cause greater endogenous AA excretion than highly digestible ingredients such as the casein and AA mixture used herein. The high apparent digestibility of the AA in casein observed with pigs in our study clearly illustrates this characteristic.
Another possible explanation for the lower-thanexpected true digestibilities of several indispensable AA in our cockerels may be explained by the single-dose crop intubation procedure used. Hence, with a free AA mixture, or with a very soluble protein source such as casein, absorption from the gut would be expected to occur rapidly. Some of the AA may achieve high (temporary) blood concentrations, resulting in some spillage (albeit minimal) of AA in the urine. With twice daily crop intubation of Lys, Izquierdo et al. (1988) observed 100% absorption from the gut, but when Sibbald and Wolynetz (1985) crop intubated Lys in a single dose, a lower calculated true digestibility of Lys (92%) was reported.
Because endogenous nitrogen and AA secretions vary with source and level of dietary protein and fiber and with presence or absence of antinutritional factors, use of PF diets can be criticized. Furthermore, it is extremely difficult to formulate a PF diet that is similar in composition to diets that contain protein. Use of the 15N-isotope dilution technique may provide a better estimate for endogenous protein but not of individual endogenous AA (Souffrant et al., 1986) . The ultrafiltration technique has been used to measure endogenous AA losses, but in this procedure, endogenous free AA and small peptides are assumed to constitute only a small fraction of the total endogenous AA (Moughan and Schuttert, 1991) . Both the isotope dilution procedure and the ultrafiltration technique have limited application for measuring endogenous AA, because the AA composition of the endogenous protein often changes when dietary protein is consumed. Whether the PF-diet approach provides a n adequate measurement of endogenous AA excretion remains to be seen. Feeding of pectin increased excretion of both Pro and Gly a t the pig ileum (de Lange et al., 1989a1 , and simultaneous feeding of a PF diet and intravenous infusion of a mixture of AA decreased Pro excretion (de Lange et al., 198913) . However, absolute excreted quantities of the 10 classical indispensable AA were neither increased nor decreased by parenteral AA administration. The studies of de Lange et al. (l989a, b) suggest that feeding of a PF diet may be a n acceptable approach for estimating true digestibility of indispensable AA. In the present study, true digestibilities of AA in a mixture of crystalline AA and in casein were close to 100% in both species, suggesting that PF diets are valid for estimating endogenous AA losses in assessing amino acid digestibility for highly digestible nitro gen sources.
Implications
True amino acid digestibility values for a crystalline amino acid mixture and for casein were determined in ileal-cannulated pigs and cecectomized cockerels. Pig values were higher than cockerel values. In general, protein-bound amino acids produced greater responses than free crystalline amino acids. Isoleucine was the least digestible indispensable amino acid in casein for both pigs and chickens. With cockerels, use of fasting birds to estimate endogenous amino acid excretion may underestimate the true digestibility of threonine in highly digestible intact protein sources. Cockerel digestibility values were not good indicators of pig values.
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